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ABSTRACT Novel adjuvants are in demand for improving the efficacy of human
vaccines. The immunomodulatory properties of Mycobacterium tuberculosis cell wall
components have been highlighted in the formulation of complete Freund’s adju-
vant (CFA). We have explored the adjuvant potential of poly-�-L-glutamine (PLG), a
lesser-known constituent of the pathogenic mycobacterial cell wall. Immune parame-
ters indicated that the adjuvant potency of PLG was statistically comparable to that
of CFA and better than that of alum in the context of H1 antigen (Ag85B and
ESAT-6 fusion). At 1 mg/dose, PLG augmented the immune response of Ag85B,
BP26, and protective antigen (PA) by increasing serum antibodies and cytokines in
the culture supernatant of antigen-stimulated splenocytes. PLG modulated the hu-
moral response of vaccine candidate ESAT-6, eliciting significantly higher levels of
total IgG and isotypes (IgG1, IgG2a, and IgG2b). Additionally, the splenocytes from
PLG-adjuvanted mice displayed a robust increase in the Th1-specific gamma inter-
feron, tumor necrosis factor alpha, interleukin-2 (IL-2), Th2-specific IL-6 and IL-10,
and Th17-specific IL-17A cytokines upon antigenic stimulation. PLG improved the
protective efficacy of ESAT-6 by reducing bacillary load in the lung and spleen as
well as granuloma formation, and it helped in maintaining vital health parameters of
mice challenged with M. tuberculosis. The median survival time of PLG-adjuvanted
mice was 205 days, compared to 146 days for dimethyl-dioctadecyl ammonium
bromide-monophosphoryl lipid A (DDA-MPL)-vaccinated groups and 224 days for
Mycobacterium bovis BCG-vaccinated groups. PLG enhanced the efficiency of the
ESAT-6 vaccine to the level of BCG and better than that of DDA-MPL (P � 0.05),
with no ill effect in C57BL/6J mice. Our results propose that PLG is a promising adju-
vant candidate for advanced experimentation.
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According to a recent 2017 World Health Organization report, tuberculosis (TB) has
emerged as the foremost cause of worldwide mortality, with about 10.4 million new

cases and 1.3 million deaths in 2016 (1). Since 1921, Mycobacterium bovis bacillus Calmette-
Guérin (BCG) remains the only available vaccine against TB, with protective efficacy from 0
to 85%. Although BCG has been successfully employed worldwide to prevent the disease
in infants, it is ineffective in adolescents and adults against pulmonary TB (2). The emer-
gence of multidrug-resistant (MDR) and extensively drug-resistant (XDR) strains has
prompted an urgent need for development of an improved and efficient TB vaccine (3).

Traditionally, live attenuated and inactivated pathogens have been used for vacci-
nation, but due to several shortcomings, e.g., reactogenicity, insufficient potency and
efficacy, reversion of live-attenuated strains to virulence due to incomplete inactivation
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of the organism, etc., their usage in humans is limited (4). Many of the modern-day
vaccines contain highly purified recombinant antigens or their peptide derivatives with
minimum toxicity and good safety profiles, and they are preferred over traditional
whole-cell vaccines (5). However, the recombinant purified antigens alone are often
associated with poor immunogenicity compared to live attenuated vaccines, and
additional supplements are needed to augment the immune response of the antigen.
One such component is an adjuvant known to augment the antigen-specific immune
response in the host (6). The adjuvants are defined as the compounds that can enhance
and/or modulate immunogenicity of a vaccine candidate intrinsically (5). Classically, an
adjuvant acts as a delivery vehicle for efficient, slow, and sustained release of a vaccine
antigen to the antigen-presenting cells (APCs), as an immune stimulator, or as an
inducer of CD8� cytotoxic T-lymphocyte (CTL) responses (7). The immunization of
purified protein antigens with adjuvants improves the quality of the vaccine in different
ways, e.g., dose sparing, reduced number of immunizations, rapid response to patho-
gens, response broadening, effective T-cell response, etc. (5). Thus, formulation of a
vaccine with a suitable adjuvant is an essential step in vaccine development for
inducing sufficient protective and long-term memory response in humans (8).

The T helper 2 (Th2)-promoting aluminum salts and oil-in-water emulsion of MF59
are among the few adjuvants approved for human use that primarily induce humoral
immune response (9, 10). However, Th1 response-promoting adjuvants approved for
human use are scarce (11). In the cases of many deadly intracellular pathogens, like
Mycobacterium tuberculosis, Salmonella enterica serovar Typhimurium, Listeria monocy-
togenes, Brucella abortus, etc. (12–15), the Th1-dependent immune response plays a
critical role in protective immunity. Although a number of Th1 response-promoting
adjuvants are being evaluated in clinical trials for human use, none of them have been
approved yet (16). Thus, identification of Th1 response-promoting adjuvants for human
use is highly desirable.

The only vaccine currently available against TB for humans is an attenuated strain of
Mycobacterium bovis, called BCG (17). However, protective efficacy of BCG is inadequate
against pulmonary TB in adults. Hence, it is imperative to develop an improved vaccine
to combat the global threat of tuberculosis (18). Different strategies have been adopted
to improve efficacy of BCG, e.g., viable attenuated, viral-vectored, inactivated whole-
cell, and subunit vaccines with novel adjuvants (19). Among these strategies, subunit
vaccination bears a number of advantages, such as stability, relatively lower toxicity,
increased safety, and boosting effect after BCG vaccination (20).

The efficacy of a subunit vaccine is highly dependent on the choice of an effective
adjuvant (21). The adjuvant property of mycobacterial cell wall components is well
known (11). Complete Freund’s adjuvant (CFA), a water-in-oil emulsion of killed myco-
bacterial cells, is one of the most commonly used adjuvants in laboratory studies and
is known to induce both Th1 and Th2 immune responses. The bioactivity of CFA is
attributed to N-acetylmuramyl-L-alanyl-D-isoglutamine (muramyldipeptide; MDP) and
trehalose 6,6=-dimycolate (TDM) (22, 23). Although widely used in animal models, CFA
cannot be used in humans due to its toxicity (24) and lack of information regarding the
immunostimulatory role of individual bioactive components. The adjuvant properties
of some highly abundant mycobacterial cell wall components, such as TDM, lipoara-
binomannan (LAM), and mycolic acids (MA), have been studied extensively (22, 25, 26),
but the nature of others, like cell wall-associated polypeptides, has yet to be explored.
Trehalose-6,6=-dibehenate (TDB), a synthetic analog of TDM or cord factor, is currently
in phase I clinical trials as an adjuvant (27).

The glutamine-rich self-assembling peptides and peptide derivatives have emerged
as promising candidates over the past 2 decades for their biomedical applications,
including regenerative medicine, tissue engineering, matrices for cell culture, and
adjuvants for vaccines (28). Rudra et al. reported that mice vaccinated with glutamine-
rich self-assembling peptide Q11 linked to ovalbumin (OVA) induced IgG1, IgG2, IgG3,
and IgM antibody titers comparable to those with CFA (28). The cell wall of M.
tuberculosis contains poly-�-L-glutamine (PLG) peptides associated with the underlying
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peptidoglycan layer through noncovalent interactions (29). Phiet et al. reported the
presence of PLG in virulent M. tuberculosis and in multiple strains of BCG, as well as its
absence from nonpathogenic mycobacteria like Mycobacterium smegmatis (30). The
glutamine residues are linked through �-linkage, and partial amidation of isolated
polypeptide has been established earlier (31). The PLG accounts for �10% of the
deproteinized, delipidated cell wall of M. tuberculosis, while the cell wall of BCG
contains �2% of the polypeptide (29, 32). In pathogenic M. tuberculosis and M. bovis
strains, synthesis of PLG was shown to be dependent on the presence of extracellular
glutamine synthetase (eGS; encoded by the glnA1 gene) (33, 34). Earlier we have shown
that the presence of eGS and PLG in the cell wall was linked to survival and pathoge-
nicity of M. tuberculosis and M. bovis (34, 35).

In this study, we set out to explore the adjuvant potential of PLG isolated from the
cell wall of M. tuberculosis. In view of its inert and polymeric nature, we were motivated
to investigate the biological properties of this molecule. Here, we present data com-
paring the adjuvant properties of PLG with the other commercially available adjuvants
in the context of different antigens. Our results show that PLG was able to enhance the
antigen-specific immune response and provide better protective immunity in the
mouse model than other well-known adjuvants tested. A strong Th1-specific immune
response triggered by M. tuberculosis PLG makes it a promising adjuvant candidate for
the development of effective vaccines essentially against infections caused by intra-
cellular pathogens.

RESULTS
Chemical and physical characterization of PLG. The purity of PLG was increased

by treatment of M. tuberculosis cell wall fractions with trypsin and chymotrypsin before
extraction with SDS. Subsequently, acetone and chloroform-methanol (2:1) washing
removed the residual SDS along with the protein and lipid impurities (for details, see
Materials and Methods). The yield of pure PLG obtained after Percoll-gradient centrif-
ugation was 16 mg/g dry weight of the cells and contained minor impurities of protein
(1.55 �g), carbohydrates (0.59 �g), lipids (�1 �g), and nucleic acids (�2 �g) per
milligram of dry weight of PLG. Gas chromatography-mass spectrometry (GC-MS)
analysis of the purified PLG is shown in Fig. 1A. The minor peaks observed in the GC-MS
chromatogram identified through the existing database available from the NIST 05
(National Institute of Standards and Technology) and WILEY8 chemical libraries appear
to be generated during the derivatization process and are shown in Table S2 in the
supplemental material. The heptafluorobutyryl-isobutyl derivative of glutamic acid
(corresponding to PLG) showed a major peak with retention time of 18.821 and area of
64.96%. The purified PLG is a mixture of polypeptides of various lengths, which resolved
by SDS-PAGE as a smear of high-molecular-weight aggregates to smaller peptides (Fig.
1B) and reacted with anti-polyglutamine monoclonal antibody in Western blotting (Fig.
1B). The PLG preparation is sensitive to nonspecific proteases, like proteinase K, which
degraded it slowly (data not shown). The water-insoluble PLG aggregates appeared as
amorphous clusters of small globular entities of an average size of �23.14 nm under
the transmission electron microscope (Fig. 1C). The solubility profile of PLG showed that
the polypeptide is highly soluble in trifluoroacetic acid (TFA), dimethyl sulfoxide
(DMSO), and sodium hydroxide (NaOH) and less soluble in organic solvents like
methanol, ethanol, chloroform, and diethyl ether (Fig. 1D).

Adjuvant properties and dose optimization of PLG. We have evaluated the
adjuvant properties of PLG peptides isolated from the cell wall of M. tuberculosis H37Rv
for modulation of immune responses against H1 antigen vaccination and compared
them with properties of two widely used adjuvants, CFA and alum. To assess the
adjuvant potential, we immunized mice with immunogenic fusion antigen H1 alone or
in combination with PLG (Fig. 2A). It was observed that H1 antigen or PLG alone failed
to elicit any significant IgG response at 3 weeks postimmunization (Fig. 2B), but when
used together, PLG augmented the IgG antibody response of H1 antigen considerably
(Fig. 2B). The PLG-mediated increases in anti-H1 IgG titers were comparable to the
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levels induced by alum or CFA. Immunization of mice with H1 antigen along with
different concentrations of PLG, ranging from 0.1 to 10 mg, led to a substantial increase
in production of IgG isotype IgG1, IgG2a, and IgG2b antibodies (P � 0.05 to 0.01, n �

5) (Fig. 2B). The antibody response peaked at a dose of 1 mg of PLG, and no further
increase was observed at higher concentration. At 1 mg PLG, both IgG1 and IgG2 titers
were comparable to that of the control adjuvant CFA (Fig. 2B). A comparison of mouse
groups adjuvanted with either PLG or alum demonstrated production of significantly
higher levels of IgG2a antibodies (P � 0.01), followed by IgG1 (P � 0.05), in the PLG
group, while IgG2b levels in the two groups were comparable. The above-described
results indicated that PLG was able to augment the humoral response against an
antigen in mice and resulted in significantly elevated levels of total IgG and its
subclasses, viz., IgG1, IgG2a, and IgG2b, reflecting activation of both the Th1- and
Th2-specific immune responses. Overall, the results demonstrated the adjuvant prop-
erty of the isolated PLG peptides in a mouse model.

Further, to study the effect of PLG on Th cell development, memory recall response
of the cultured splenocytes from differently immunized mouse groups was assessed by
quantifying the cytokines released in the medium after stimulation with the antigen.
From the above-described experiment the dose of 1 mg PLG per mouse seemed
optimal, so further tests were performed at this dose only. In all mouse groups,
stimulation of splenocytes by concanavalin A (ConA) led to secretion of different
cytokines in the medium (data not shown). The mice immunized with adjuvants along
with H1 antigen elicited a better cytokine response upon stimulation with the cognate

FIG 1 Chemical and physical characterization of PLG isolated from M. tuberculosis cell wall. (A) GC-MS chromatogram of the PLG peptides. The arrow indicates
the heptafluorobutyryl-isobutyl derivative of glutamic acid. Rt, retention time. (B) Tricine SDS-PAGE (i) and immunoblot analysis (ii) of PLG. For immunoblotting,
primary antipolyglutamine monoclonal antibodies were employed. PM, Precision Plus protein standards. (C) TEM micrographs of purified PLG. The inset displays
the same at higher magnification. (D) Table shows the solubility profile of M. tuberculosis PLG in various organic and inorganic solvents.
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protein than the antigen-alone group (Fig. 2C). Immunization with CFA plus H1 showed
the highest Th1-type cytokine response, 1,036.3 � 175 pg/ml of gamma interferon
(IFN-�) and 699.3 � 136.1 pg/ml of tumor necrosis factor alpha (TNF-�), while alum was
relatively less effective, 268 � 177 pg/ml of IFN-� and 103.6 � 48.3 pg/ml of TNF-� (Fig.
2C). In the PLG-adjuvanted group, the response was more in favor of Th1-type cyto-
kines, IFN-� (844.3 � 297.4 pg/ml) and TNF-� (556.3 � 188.2 pg/ml), at levels �14- and
�6-fold higher than that of the antigen-alone control mice (P � 0.01 for both). Thus,
the response of the PLG-immunized group was better than that of the alum group
(P � 0.05 for IFN-� and P � 0.01 for TNF-�) and comparable to that of the CFA-
immunized groups (Fig. 2C). The interleukin-4 (IL-4) production in the PLG-adjuvanted
mice was lower (197.3 � 72 pg/ml) than those of both the CFA (488 � 64 pg/ml) and
the alum (324.3 � 85.4 pg/ml) groups. Increased production of the isotypes IgG2a and
IgG2b in the PLG-adjuvanted mice is consistent with elevated Th1-type IFN-� and
TNF-� cytokines.

Evaluation of adjuvant potential of PLG with different antigens. Having estab-
lished that 1 mg PLG as adjuvant was able to augment the immune response of H1
antigen, we proceeded to determine its ability to modulate the response of a panel of
diverse, model antigens, viz., Ag85B, BP26, and protective antigen (PA) (Fig. 3A). Alum,
a widely used adjuvant in human vaccines, was used for comparison. All three antigens
by themselves were weakly immunogenic, as total IgG production was similar to that
of the phosphate-buffered saline (PBS) control group. However, when the mice were
immunized with the antigens along with PLG as the adjuvant, total IgG levels increased
significantly in all three groups (P � 0.001, P � 0.01, and P � 0.01 for Ag85B, BP26, and
PA, respectively) (Fig. 3B to D). To analyze the nature of the PLG-induced humoral
response, generation of the antigen-specific, Th1-dependent IgG2a and IgG2b and
Th2-dependent IgG1 isotypes was measured in the immune mouse serum. The PLG-
adjuvanted mice produced significantly larger amounts of IgG1, IgG2a, and IgG2b
isotypes in all three antigen groups than the respective antigen-alone controls (Fig. 3B
to D). The increase in the titers due to PLG supplementation was highest in IgG2a
(�71-, �41-, and �39-fold), followed by IgG1 (�39-, �32-, and �22-fold) and IgG2b
(�34-, �28-, and �17-fold) in the Ag85B-, BP26-, and PA-immunized mice, respectively.
Alum and PLG as adjuvants were not significantly different in augmenting serum IgG1
titers against all three antigens (Fig. 3B to D). The alum-adjuvanted mice displayed a
prominent Th2-biased immune response, indicated by heightened IgG1 titers in the
Ag85B and PA groups (�24- and �19-fold; P � 0.01) and in the BP26 group (�23-
fold; P � 0.05) compared to antigen-alone groups. The Th1-specific response in the
alum group was muted, recording relatively smaller increases in the titers of IgG2a
(�18-, �13-, and �18-fold) and IgG2b (�15-, �9-, and �6-fold) against Ag85B, BP26,
and PA, respectively. In contrast, the Th1-specific response of PLG-adjuvanted antigens
showed significantly higher values of both IgG2a and IgG2b titers than alum-
adjuvanted groups (P � 0.05) (Fig. 3B to D). Further, augmentation of both Th1- and
Th2-dependent antibody titers against diverse antigens showed PLG as a broad-acting
adjuvant. Altogether, supplementation of the three control antigens with PLG led to

FIG 2 Effect of PLG adjuvantation on immune response of H1 (Ag85B-ESAT-6) antigen. (A) C57BL/6J mice were
immunized by the i.p. route with 20 �g of fusion antigen H1 alone or with different concentrations (0.1, 0.5,
1, and 10 mg) of PLG or with control adjuvants CFA (1:1 with antigen) and alum (200 �g) in a total volume of
0.2 ml. Antigen H1-specific total IgG and isotypes were evaluated in the sera of individual mice (n � 5) by ELISA
3 weeks after immunization. (B) Antibody titers of total IgG and isotypes IgG1, IgG2a, and IgG2b. (C) Three
weeks after immunization, splenocytes were isolated and cultured in vitro with H1 antigen for 72 h, and release
of IFN-�, TNF-�, and IL-4 was measured in the culture supernatant by ELISA. Each point represents means of
triplicate values from individual mice, and the bars represent mean values from all mice in a group, with
standard errors of the means (SEM). In antibody titer studies, for comparing the data obtained from the
antigen-alone group with an adjuvanted group, between two different adjuvanted groups, or between two
different doses of the same adjuvanted group, the P value was calculated by unpaired t test. One-way ANOVA
followed by Tukey’s multiple-comparison test was used for cytokine analysis. The limits of the bars on top
extend between test samples compared for statistical significance. *, P � 0.05; **, P � 0.01; ***, P � 0.001. n.s,
nonsignificant.
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FIG 3 Modulation of humoral immune response of different antigens by PLG adjuvantation. (A) Mice were immunized intraperitoneally with individual
antigens (20 �g of Ag85B, BP26, or PA) or with PLG (1 mg) or alum (200 �g) in a volume of 0.2 ml, and antigen-specific antibodies in the sera were measured
by ELISA 2 weeks after the final immunization. (B to D) Antigen Ag85B (B)-, BP26 (C)-, and PA (D)-specific total IgG and subtype (IgG1, IgG2a, and IgG2b)
titers were measured in individual mice (n � 5). One-way ANOVA followed by Tukey’s multiple-comparison test was employed for calculating the significant
difference. *, P � 0.05; **, P � 0.01; ***, P � 0.001. n.s, nonsignificant.
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enhancement of antigen-specific serum IgG and its isotypes (IgG1, IgG2a, and IgG2b),
demonstrating a Th1-dominant immune response orchestrated by the adjuvant.

To examine the corresponding effect of PLG on the cytokine response, splenocytes
from the mouse groups immunized with the three antigens either alone or with
adjuvants were stimulated with the respective antigen, and the memory recall response
was assessed by quantifying the Th1-specific (TNF-� and IFN-�) and Th2-specific (IL-4)
cytokine levels in the culture supernatant. Splenocytes from the mice immunized with
Ag85B, BP26, or PA alone produced low levels of the three cytokines, IFN-� (144 � 78,
107 � 37, and 176 � 84 pg/ml), TNF-� (47 � 31, 54 � 30, and 133 � 71 pg/ml), and
IL-4 (148 � 106, 120 � 92, and 33 � 45 pg/ml), which were similar to those of the PBS
controls (Fig. 4A to C). When the antigens were supplemented with PLG as the
adjuvant, the splenocytes produced significantly larger amounts of IFN-� (1,176 � 343,
976 � 166, and 694 � 123 pg/ml) and TNF-� (405 � 113, 335 � 95, and 307 � 65
pg/ml) against all three antigens, Ag85B, BP26, and PA, respectively. However, the
levels of Th2-specific IL-4 in the PLG-adjuvanted group were relatively lower (246 � 98,
200 � 121, and 317 � 151 pg/ml) than when alum was used as the adjuvant (555 �

250, 526 � 180, and 585 � 183 pg/ml) in all three antigens, Ag85B, BP26, and PA,
respectively (Fig. 4A to C). The increased production of Th1-specific IFN-� and TNF-�
cytokines in the PLG-adjuvanted group reiterates the immunomodulatory capability of

FIG 4 Modulation of cytokine response of different antigens by adjuvantation with PLG. Three weeks after the last immunization, splenocytes were isolated
and cultured in vitro with the respective antigens for 72 h, and release of antigen-specific cytokines was measured in the culture supernatant by ELISA. (A to
C) Antigen Ag85B (A)-, BP26 (B)-, and PA (C)-specific cytokines IFN-�, TNF-�, and IL-4 were measured in individual mice (n � 3). One-way ANOVA followed by
Tukey’s multiple-comparison test was employed for calculating the significant difference. *, P � 0.05; **, P � 0.01; ***, P � 0.001. n.s, nonsignificant.
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PLG in the mouse model. The results demonstrate that the PLG peptides function as an
adjuvant to enhance the immune response of antigens of diverse bacterial origin.

Evaluation of PLG as adjuvant in modulating immune response and protective
efficacy of ESAT-6 antigen against M. tuberculosis infection in mice. The above-
described results showed that addition of PLG to different proteins significantly aug-
mented antigen-specific Th1-type responses known to be important in providing
protective immunity against intracellular pathogens like Salmonella enterica serovar
Typhi and M. tuberculosis, etc. (10, 11). Thus, we proceeded to evaluate the ability of
PLG in enhancing protective efficacy of ESAT-6, used as a vaccine candidate against M.
tuberculosis H37Rv infection in mice. The parameters of protective immunity, such as
humoral response, recall memory to the antigen, clearance/reduction in bacterial load,
and long-term survival of the host, etc., were examined after M. tuberculosis infection
in PLG-adjuvanted mice (Fig. 5A). For comparison we used dimethyl-dioctadecyl am-
monium bromide-monophosphoryl lipid A (DDA-MPL), a well-known Th1 immunity-
inducing adjuvant, and BCG (TUBERVAC, Serum Institute of India), the only approved
vaccine against tuberculosis.

Two weeks after the final immunization, ESAT-6, with low immunogenicity, failed to
mount a significant antibody response, as expected (Fig. 5B). In contrast, both the PLG-
and DDA-MPL-adjuvanted mice showed significant increases in the production of total
IgG and its isotypes, with IgG2a being the predominant one, followed by IgG2b and
IgG1. Compared to ESAT-6 alone, the PLG-adjuvanted mice displayed �25-, �68-, and
�30-fold and the DDA-MPL group �21-, �35-, and �25-fold increases in IgG1, IgG2a,
and IgG2b titers, respectively (Fig. 5B). Notably, IgG2a titers were significantly higher in
the PLG-immunized mice than in the DDA-MPL group (P � 0.05) (Fig. 5B). Consistent
with earlier results, it is concluded that PLG modulated the immune response of
ESAT-6-immunized mice by stimulating production of the Th1- and Th2-dependent
IgG2a, IgG2b, and IgG1 antibodies in a balanced manner.

The splenocytes from vaccinated mice were tested for recall memory after antigenic
stimulation by quantifying the Th1-dependent (TNF-�, IFN-�, and IL-2), Th2-dependent
(IL-4, IL-6, and IL-10), and Th17-dependent (IL-17A) cytokines, released in the medium
after 72 h of incubation. The amounts of all cytokines produced by ESAT-6-immunized
mice were quite low and similar to that of the PBS control (Fig. 5C). On supplementing
ESAT-6 with PLG, the levels of cytokines IFN-� (6,072 � 1,026 pg/ml), TNF-� (2,200 �

696 pg/ml), IL-2 (621 � 276 pg/ml), IL-6 (2,296 � 413 pg/ml), and IL-10 (2,623 � 1,695
pg/ml) increased significantly in the medium (Fig. 5C). Although DDA-MPL also en-
hanced ESAT-6-specific responses of the splenocytes, producing IFN-� (3,742 � 1,986
pg/ml), TNF-� (945 � 204 pg/ml), IL-2 (455 � 255 pg/ml), IL-6 (1,376 � 312 pg/ml), and
IL-10 (3,207 � 715 pg/ml) cytokines, the increase in Th1-dependent cytokine levels was
more pronounced in the ESAT-6-plus-PLG-vaccinated mice. IL-10 secretion also in-
creased in both PLG and DDA-MPL groups after stimulation with ESAT-6 compared to
antigen alone; however, the increase was significant only in the DDA-MPL group (P �

0.05) (Fig. 5C). In contrast to the robust IFN-� or IL-6 responses observed with PLG or
DDA-MPL supplementation, the increase in IL-4 level was relatively low (18 pg/ml for
PLG and 20 pg/ml for DDA-MPL), as noted in the earlier experiments as well. More
importantly, after stimulation with ESAT-6, significantly higher levels of IL-17A (7,490 �

508 pg/ml) were produced solely in the PLG-supplemented group and not with
DDA-MPL or antigen-alone groups (P � 0.0001) (Fig. 5C). Thus, considering its consis-
tent positive immunomodulatory action on the Th1-, Th2-, and also Th17-type IL-17A
effectors, PLG appears to be a promising adjuvant candidate.

Since the above-described results established that PLG modulated the immune
response of the mycobacterial antigen ESAT-6 in mice, its effect on protective efficacy
was also evaluated. Six weeks after the final immunization, the remaining vaccinated
mice were challenged with the virulent M. tuberculosis strain H37Rv through the
intravenous (i.v.) route. At each time point, four mice from each group were sacrificed,
and CFU counts in the lung and spleen were determined. Six weeks after infection,
ESAT-6 alone reduced the bacterial load marginally in the lungs and spleens of mice
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FIG 5 Modulation of immune response against antigen ESAT-6 by PLG adjuvantation. (A) C57BL/6J mice were immunized intraperi-
toneally with 20 �g of antigen ESAT-6 either alone or in the presence of PLG (1 mg) or control adjuvant DDA-MPL (250:25 �g). Antigen
ESAT-6-specific total IgG and isotypes were measured in the serum samples of individual mice (n � 10) by ELISA. (B) Titers of total
IgG and its isotypes, IgG1, IgG2a, and IgG2b, 2 weeks after the final immunization. (C) Three weeks after the last immunization,
splenocytes were isolated and cultured in vitro with antigen ESAT-6 for 72 h, and release of IFN-�, IL-2, TNF-�, IL-4, IL-6, IL-10, and

(Continued on next page)
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compared to the nonvaccinated (PBS) group (Fig. 6A), while the highest reduction was
observed in BCG-vaccinated mice (P � 0.01 for lung and P � 0.05 for spleen). Both PLG-
and DDA-MPL-adjuvanted mice also showed reduction in the bacillary load of lung 6
weeks postchallenge compared to mice immunized with antigen alone (P � 0.05). In

FIG 5 Legend (Continued)
IL-17A was measured in the culture supernatant. The mouse group D-M indicates the adjuvant DDA-MPL. One-way ANOVA followed
by Tukey’s multiple-comparison test was employed for calculating the significant difference. *, P � 0.05; **, P � 0.01; ***, P � 0.001;
****, P � 0.0001. n.s, nonsignificant.

FIG 6 Evaluation of protective efficacy of ESAT-6 by adjuvantation with PLG against M. tuberculosis infection. The mice were immunized by the i.p. route with
antigen ESAT-6 either alone or with adjuvants. BCG vaccine was given at the time of the first immunization. Six weeks after the last immunization, the mice
were challenged with a virulent strain of M. tuberculosis H37Rv by the i.v. route. (A) Four mice from each group were sacrificed at each time point after challenge,
and the CFU in the lung and spleen were recorded. (i and ii) Lung (i) and spleen (ii) M. tuberculosis load at 3 weeks. (iii and iv) Lung (iii) and spleen (iv) M.
tuberculosis load at 6 weeks. (B) Graphical representation of total granuloma score from each infected mouse group. (C) Survival of M. tuberculosis-infected mice
(n � 12) from each group, monitored for death until 47 weeks. The results are presented as percent survival. One-way ANOVA followed by Tukey’s
multiple-comparison test was employed for calculating the statistical significance in CFU studies. To calculate the significance of difference in survival studies,
the log-rank Mantel-Cox tests were applied. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001. n.s, nonsignificant.
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the ESAT-6-plus-PLG-immunized group, reduction of 1.599 log10 CFU in the lungs and
1.121 log10 CFU in the spleen was observed (Fig. 6A). Although the BCG-immunized
mice showed the highest reduction in bacillary counts in the lung and spleen (2.323
and 1.469 log10 CFU, respectively), statistically the result was not different from that of
ESAT-6-plus-PLG-adjuvanted mice, reaffirming the role of PLG as an effective adjuvant.

Histopathology of the lungs revealed higher numbers of granulomatous lesions in
the nonvaccinated (PBS) and ESAT-6-vaccinated mice, with mean granuloma scores of
50 and 40, respectively (Fig. 6B). Both the DDA-MPL- and PLG-adjuvanted mice dis-
played much lower granuloma scores (1.66) than the antigen-alone and placebo mouse
groups. The BCG-vaccinated mice showed even fewer granulomatous lesions (granu-
loma score, 0.83), similar to healthy, uninfected mice (Fig. 6B). Further, the PLG- or
DDA-MPL-adjuvanted mice showed smaller alveolar spaces, possibly due to a lower
degree of inflammation (data not shown).

In addition to assessing the bacterial burden and histopathology, we monitored
long-term survival of the mice after M. tuberculosis challenge. The degree of protection
was evaluated by monitoring different parameters of infection (general appearance,
difficulty in breathing, weight loss, and death) until 47 weeks. The PBS-immunized
control group showed significant weight loss (4.46 � 1.54 g) and fur loss 6 weeks after
infection and died early, with a median survival time (MST) of 60 days (Fig. 6C). Similarly,
all mice immunized with ESAT-6 alone died of infection, with a marginal increase in MST
to 66 days. The MST was prolonged to 146 days in the mice immunized with DDA-MPL
plus ESAT-6. In the ESAT-6-plus-PLG-immunized group, the mice were active and
healthy, with mean weight gain of 2.7 � 0.93 g (6 weeks postchallenge) and prolonged
MST of 205 days. Thus, PLG as an adjuvant appears to be better than DDA-MPL in
enhancing the protective efficacy of ESAT-6. The degree of protection was highest in
the BCG-vaccinated mice, reflected by longer MST (224 days) (P � 0.0001), which
matched well with maximum reduction in the bacterial load as well (Fig. 6C). Notably,
the overall degree of protection in the BCG-vaccinated group was statistically not
different from that of the PLG-adjuvanted group. Thus, to sum up, the above-described
results support the conclusion that PLG as an adjuvant can enhance protective efficacy
of an antigen by activating specific components of the immune system in mice.

DISCUSSION

Our research is focused on deciphering the biological significance of a high-
molecular-weight polymer, PLG, in the cell wall of pathogenic mycobacteria (35). PLG
biosynthesis is linked to a functional extracellular glutamine synthetase (eGS), an
important virulence determinant necessary for growth and survival of M. tuberculosis in
the host (33). In light of the association of PLG with the eGS, we were motivated to
investigate its biological properties in more detail. The M. tuberculosis cell wall com-
ponents are known to be highly immunostimulatory in nature and are formulated as
mannide mono-oleate emulsions in CFA. However, due to toxicity of the formulation,
application of CFA as the adjuvant is restricted to animal models only (24). Taking a cue
from the reported immunomodulatory properties of different biomolecules of the M.
tuberculosis cell wall (11, 25, 26), we isolated PLG from the cell envelope and explored
its suitability as an adjuvant in mice using a variety of model antigens.

Ours is the first comprehensive report dealing with the adjuvant potential of PLG in
modulating host immune responses to an array of prototypical antigens, like ESAT-6,
Ag85B, PA, and BP26. Stimulation of the immune response by PLG led to manifestation
of antigen-specific Th1-dependent IgG2a and IgG2b and Th2-specific IgG1 antibodies,
indicating effective presentation of the antigen with major histocompatibility complex
class II molecules and subsequent activation of both Th1 and Th2 arms of immunity.
The higher IgG production and isotype switching predominantly to IgG2a by PLG
adjuvantation is consistent with enhanced production of the Th1-dependent IFN-� and
TNF-� cytokines. Moreover, minimal immunogenicity of PLG precluded the risk of its
masking the antigen response and reaffirmed its suitability as an adjuvant candidate.
Considering the essential role of an adjuvant in defining the quality of immune
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response, activation of Th1 response, a necessary component of protective immunity
against infectious diseases (36), is an important attribute of the glutamine polymer. A
small, chemically defined glutamine-rich peptide (Q11), conjugated to self-assembling
peptide epitopes, was shown to act as an adjuvant in mice; the Q11 peptides, although
providing help in generating a strong antibody response, were not able to evoke
cell-mediated immunity (28), as observed in our study. It is difficult to assign a reason
for this discrepancy. A possible explanation, subject to experimental verification, is a
shorter length and nonnative molecular structure/organization of the glutamine poly-
peptide. Thus, it appears that upregulation of the Th1-specific effectors IFN-�, TNF-�,
and IL-2 and Th2-specific IL-6 and IL-10 cytokines, in cooperation with the elevated
levels of antibodies, helped in generating a robust memory response in the PLG-
adjuvanted mice.

The adjuvants modulating host response toward Th1 cell-dependent immunity are
in high demand, as they play a key role in attaining long-lasting immune memory and
effective protection against intracellular pathogens, like M. tuberculosis, Salmonella
enterica serovar Typhi, etc. (12, 13). The well-known aluminum salts or the squalene-
based adjuvants like AS03 and MF59, licensed for human use, are known to be poor
inducers of Th1 immunity (10, 36, 37). Other adjuvants, like CAF01, IC31, GLA-SE, and
CpG ODN, etc., that induce significant levels of the Th1-specific cytokines during TB
infection are still in different stages of clinical testing (20, 38–40). Hence, in the present
scenario the ability of PLG to induce a broad-based, multifaceted immune response to
antigens from different sources (Ag85B, ESAT-6, PA, and BP26) on par with CFA and
better than alum and DDA-MPL is highly desirable and demands further promotion.

The efficacy of a vaccine is judged mainly by the degree of protection it provides to
the recipient host. The ability of PLG to modulate protective efficacy of the vaccine
candidate ESAT-6 can be observed at different levels of host response. The activation
of Th1- and Th2-specific cytokines to the generation of a repertoire of antibodies and
the reduction of the bacterial burden in the lungs and spleen work together to
generate a robust host response. A significant outcome of PLG adjuvantation is
reflected by extension of the mean survival time of mice equivalent to the level of BCG
vaccination. The activation of Th17 cells with a subsequent increase in the secretion of
IL-17A is another distinctive property of PLG that might have played a role in improving
the protective efficacy of ESAT-6 (Fig. 6C). Recently, the Th17 cells have emerged as key
players in protection against TB by triggering a series of events, beginning with
chemokine synthesis to promotion of T and B cell localization and activation of the M.
tuberculosis-infected macrophages in the lung granulomas, which together contain the
spread of M. tuberculosis to other organs (41). Vaccines containing H1 and H28 fusion
antigens of M. tuberculosis with CAF01 were shown to elicit long-lasting Th17 re-
sponses, imparting sustained protection against TB (42). Thus, in light of the above-
described results, it is concluded that PLG adjuvantation is responsible for manifesta-
tion of a robust immune response against ESAT-6, enhancing protective efficacy of the
latter against M. tuberculosis challenge.

The exact underlying mechanism of the adjuvant activity of PLG is not clear at this stage.
Immunomodulatory activity of bacterial products is attributed to their similarity to microbial
ultrastructures, referred to as pathogen-associated molecular patterns (PAMPs), which are
perceived as a danger signal of infection by the host (43). Indeed, pattern recognition
receptors (PRRs), such as Toll-like receptors (TLRs), on the cell surface of the APCs are
believed to interact with an antigen through the PAMPs and activate downstream signaling
pathways that trigger the adaptive immune response (43). It is possible that inclusion of
additional PAMPs as PLG adjuvant has broadened the immune recognition process of the
host, improving efficacy of the vaccine. Alternatively, PLG might have acted as a carrier for
antigens by either entrapment or noncovalent binding, facilitating endosomal entry into
the APCs to produce improved antigen-specific immune responses. Indeed, the ultrastruc-
ture of purified PLG showed large aggregates containing long chains of globules, with an
average size of �23.14 nm (Fig. 1C), which might have provided scaffolding for better
adsorption of the antigen. Additionally, due to its particulate nature, PLG may slow down
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or resist proteolytic cleavage in the eukaryotic proteasome (44) and exert a “depot effect”
by increasing residence time at the site of vaccination, thereby promoting activation of the
APCs and phagocytosis. A similar mechanism of action has been reported for synthetic
poly(lactic-coglycolic acid) (PLGA) particles (45), virus-like particle (VLP)-based vaccines (46,
47), and the immune-stimulating complexes (ISCOMS) (48). Presently, sustained efforts are
needed to reduce the dosage of PLG for optimum action. A better understanding of the
mechanism of action of PLG would help design chemically defined, pathogen-specific
combinatorial formulations for mechanistic orchestration of the host immune response.

It has to be mentioned here that, with this being the first attempt to study the
adjuvant potential of PLG, the scope of examination had to be limited to basic essential
parameters. To obtain detailed information about immunological properties of PLG, a
multitude of factors, like immunization protocol, antigen concentration, adjuvant dose,
immunization route, and window of time before infection/challenge, etc., likely to
influence the outcome, could not be included in a single study. In the course of
development of a novel immunomodulator projected for future human use, factors
such as the route of immunization and dosage of the antigen/adjuvant are critical and
require comprehensive optimization protocols. Studies are in progress in our laboratory
to achieve these objectives. In the present study, we chose the intraperitoneal (i.p.)
route, as it is frequently used and was found to be more effective for rodents (49–51).
Schmidt et al. have shown that administration of CAF09 adjuvant via the intramuscular
or subcutaneous route elicited weaker CD8� T-cell responses than the i.p. route (52).
Moreover, challenge of mice with M. tuberculosis has been performed via both the
intravenous (high-dose) and the respiratory aerosol (low-dose) route (22, 53). The latter,
being closer to the physiological route, would have been ideal for M. tuberculosis
infection; however, due to experimental and technical limitations, this could not be
performed at this stage. Hence, we opted for the intravenous, high-dose (2.3 � 105

CFU) challenge model in the present study. Further, we have not investigated the
mechanistic aspect of immunomodulation by PLG, which is necessary for expanding
the range of applications of PLG as an adjuvant. Nonetheless, owing to the consistent
immunostimulating profiles of PLG across different antigens, we were encouraged to
report this study describing PLG as an efficient Th1-type adjuvant.

In conclusion, our study has revealed that the naturally occurring PLG peptides of M.
tuberculosis origin act like an archetypical adjuvant that modulates both the humoral and
cell-mediated arm of host immunity. An adjuvant plays a key role in the successful
deployment of a vaccine; the fact that the purified PLG produced no apparent adverse
effect in mice and in the THP-1 macrophage culture (data not shown) advocates for its
suitability as a biological material for testing in animal models. To broaden the scope of PLG
as an adjuvant, it would be worthwhile to explore its potential in vaccines against other
intracellular pathogens. To promote its acceptance as an adjuvant, PLG needs to be
subjected to a higher level of scrutiny on immunologic and toxicological parameters. Our
study has performed the groundwork and provides data demonstrating that PLG is a
promising vaccine delivery vehicle, particularly for chronic infectious diseases.

MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. All of the recombinant plasmids and bacterial

strains used in this study are indexed in Table S1 in the supplemental material. For protein expression
and purification, all of the Escherichia coli recombinant strains were cultured in Luria-Bertani (LB) medium
(Difco) under standard conditions. M. tuberculosis cultures were grown as described earlier by Gupta et al.
(54). All of the cultures were grown at 37°C with shaking at 180 rpm.

Isolation of PLG peptides from M. tuberculosis H37Rv. The PLG polypeptides were extracted from
the M. tuberculosis cell wall fractions, as described earlier by Hirschfield et al. (29), with multiple
modifications. Briefly, M. tuberculosis H37Rv cells were grown until stationary phase (optical density at
600 nm [OD600] of �1.6), harvested, and heat killed at 90°C for 2 h, followed by washing twice with
distilled water for cell wall preparation (29). The cell walls were treated with 0.1% trypsin-chymotrypsin
(1:1, wt/vol) at room temperature overnight, followed by delipidation, once with acetone, twice with
chloroform-methanol (2:1), and twice with diethyl-ether. The pellet was air dried to remove residual
amounts of the organic solvents (31) and subjected to 2% (wt/vol) SDS extraction at 60°C in a water bath
for 2 h to eliminate the membrane components and soluble proteins. The insoluble fraction was
recovered by centrifugation at 20,000 rpm and then sequentially washed with PBS, distilled water, and
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80% (vol/vol) aqueous acetone to exclude traces of SDS. The resulting product, mainly containing
SDS-insoluble constituents of the cell wall, including PLG peptides, was subjected to density gradient
centrifugation, first in discontinuous sucrose and second in 80% Percoll solution (GE Healthcare), as
described earlier by Hirschfield et al. (29).

Chemical and physical analysis of PLG. The chemical nature of the M. tuberculosis cell wall-isolated
PLG peptides was examined by gas chromatography-mass spectrometric (GC-MS) analysis as described
earlier by Garg et al. (35). NIST 05 and WILEY8 chemical libraries were used to analyze the GC-MS data.
Total carbohydrate, protein, lipid, and nucleic acid contamination was estimated as described earlier
(55–58).

The PLG peptides were resolved by high-resolution Tricine-based SDS-PAGE (59) using 0.2 M Tris-HCl
(pH 8.9) as anode buffer and 0.1 M Tris-HCl, 0.1 M Tricine, and 0.1% SDS (pH 8.25) as cathode buffer.
Electrophoresis was initially carried out at 40 V for 1 h, followed by 100 V for the next 2 h, at room
temperature. Protein was visualized by Coomassie blue staining. For immunoblotting, the peptides were
transferred to a nitrocellulose membrane using Tris-glycine transfer buffer (25 mM Tris-HCl and 200 mM
glycine) for 1 h at 4°C. The membrane was incubated with 3% bovine serum albumin in PBS-T (0.1%
Tween 20 in PBS) for 1 h at room temperature, washed with PBS-T, and probed with anti-polyglutamine
monoclonal antibodies produced in mouse (1:500) (P1874-200UL; Sigma-Aldrich) for 1 h at room
temperature. The membrane was washed with PBS-T thrice and incubated with anti-mouse alkaline
phosphatase (AP)-conjugated secondary antibodies (1:5,000) for 1 h at room temperature. After washing
with PBS-T, the blot was developed with an AP conjugate substrate kit (1706432; Bio-Rad) for detection.

Morphological characterization of M. tuberculosis PLG at the ultrastructural level was achieved by
transmission electron microscopy (TEM). Briefly, 1 mg of purified PLG sample in 100 �l PBS was applied
on carbon-coated copper grids and air dried for 5 min. The grids were negatively stained with 50 �l of
2%, wt/vol, uranyl acetate for 5 min and viewed in an electron microscope (Jeol-JEM 2100F) with
accelerating voltage of 80 to 200 kV.

The solubility profile of PLG was determined in various organic and inorganic solvents. Briefly, 5 mg
of PLG was added to 1 ml of the solvent at room temperature with continuous stirring for 30 min. The
amount of insoluble material obtained at the end was collected by centrifugation, dried, and weighed,
and percent solubility was calculated.

Protein expression and purification. The recombinant antigens used in this study, viz., Ag85B and
ESAT-6 of M. tuberculosis and PA of Bacillus anthracis (60), were expressed in E. coli. Briefly, the coding
regions of all the antigens were PCR amplified using genomic DNA of the respective host and
gene-specific forward and reverse primers. For constructing the recombinant fusion antigen Ag85B-
ESAT-6, the fbpB (Ag85B) and esxA (ESAT-6) genes were fused at a unique KpnI site, using specific primers.
All of the amplified DNA sequences were cloned under the isopropyl-�-D-thiogalactopyranoside (IPTG)-
inducible T5 promoter of pQE30 vector and expressed in E. coli M15 cells (Qiagen) at 37°C for 4 h. The
His6-tagged recombinant proteins were purified under denaturing conditions with urea, followed by
refolding on a nickel-nitrilotriacetic acid (Ni-NTA) affinity column (Qiagen), as described previously by
Singh et al. (61). The BP26 antigen of Brucella abortus was cloned and expressed in E. coli BL21 cells using
the pET28a expression system (Novagen) as described above. All of the protein fractions were dialyzed
against 50 mM Tris-HCl buffer (pH 8.0) containing 0.3 M NaCl and 10% glycerol and stored at �80°C until
further use. The identity of the recombinant proteins was confirmed by peptide mass fingerprinting. The
antigens used in this study were examined by SDS-PAGE and immunoblot analysis using antisera raised
against recombinant proteins. For details, see Fig. S1 in the supplemental material.

Animals. For immunization, 4- to 6-week-old, inbred, female C57BL/6J mice were used in the study.
The mice were purchased from the National Centre for Laboratory Animal Sciences (NCLAS), Hyderabad,
India. They were housed within microisolator cages at biosafety level 3, maintained under pathogen-free
conditions, and fed pelleted food and water ad libitum. The study was approved by the Institutional
Animal Ethics Committee (IAEC) and Biosafety Committee (IBSC) of Jawaharlal Nehru University, New
Delhi, India.

Mouse immunization and challenge. For dose optimization, mice were immunized either with the
fusion antigen Ag85B-ESAT-6 alone (20 �g per dose) or with various concentrations of PLG (0.1, 0.5, 1,
and 10 mg per mouse) by the intraperitoneal (i.p.) route. Each group (n � 5) was given a single dose of
the vaccine formulation. Some well-characterized commercial adjuvants, like alum (100 �g per dose)
(Sigma-Aldrich) and Freund’s complete adjuvant (CFA; Sigma-Aldrich), mixed 1:1 with antigen in PBS in
a dose of 0.2 ml per mouse, were used for comparison.

The adjuvant potential of PLG peptides was evaluated with a panel of protein antigens, viz., Ag85B,
BP26, and PA. Each group of mice (n � 10) was immunized by the i.p. route with vaccines containing
either the individual antigens alone (20 �g each) or adjuvant PLG (1 mg) in a 0.2-ml total volume, and
for comparison, alum (200 �g/mouse) was also included in the test. Two weeks after the first immuni-
zation, a single booster injection was given to the mice.

To evaluate the effect of PLG on protective efficacy of ESAT-6 vaccine, groups of mice (n � 24) were
immunized thrice at 2-week intervals between each immunization. The vaccines contained antigen
ESAT-6 alone (20 �g/mouse) or adjuvanted with 1 mg PLG in a total volume of 0.2 ml per mouse.
DDA-MPL, mixed at a ratio of 250:25 �g/mouse, was used as a control. Three weeks after the final
immunization, 4 mice from each group were sacrificed for splenocyte culturing. As a positive control of
protection, a group of mice was vaccinated with a single dose of BCG (1 � 106 cells/mice) at the time
of first immunization. Six weeks after the last immunization, the remaining vaccinated mice (20
mice/group) were challenged by injecting �2.3 � 105 M. tuberculosis H37Rv CFU/mouse by the i.v.
(lateral tail vein) route, and subsequently four mice from each group were sacrificed at regular intervals
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of 3 and 6 weeks for analysis. The remaining vaccinated and M. tuberculosis-challenged mice from each
group (n � 12/group) were monitored for weight loss, behavioral changes, and survival/death due to
infection for the next 47 weeks.

Measurement of antigen-specific antibodies in serum. For dose optimization studies, blood was
collected 3 weeks after the immunization by retro-orbital bleeding (n � 5) and sera were prepared. For
adjuvant potential and protective efficacy studies, sera were collected from 5 and 10 mice, respectively,
2 weeks after the final immunization. The antigen-specific antibody titers of IgG and its isotypes, namely,
IgG1, IgG2a, and IgG2b, were measured by indirect enzyme-linked immunosorbent assay (ELISA) as
described previously (25), with minor modifications. Briefly, high-binding 96-well microtiter plates
(NuncMaxiSorp) were precoated with the capture antigen (500 ng/well) in PBS overnight at 4°C, followed
by blocking with 2% bovine serum albumin (BSA) in PBS. Different dilutions (between 1:103 and 1:108)
of the sera from all of the immunized groups were prepared and coated in triplicate. After incubation at
room temperature (RT) for 1 h, the plates were washed thrice with PBS-T. Horseradish peroxidase
(HRP)-conjugated anti-mouse secondary antibodies (raised in goat; Santa Cruz Biotechnology) were
added at 1:10,000 dilution and incubated at 37°C for 1 h. The plates were developed using OptEIA TMB
substrate (BD Bioscience), and the absorbance was measured at 450 nm. The titers were determined by
subtracting the background absorbance values of the uncoated wells from those of the coated wells. The
threshold titer was determined as the mean of absorbance plus 3 times the standard deviation of a 1:100
dilution of the placebo group. The endpoint titer of the samples was defined as the inverse of the highest
dilution with an absorbance (optical density at 450 nm) greater than that of the threshold value.

Splenocyte culture. Three weeks after the last immunization, 3 or 4 mice were sacrificed and the spleens
were removed aseptically. Splenocytes were isolated as previously described (62). Briefly, the cells were
suspended in complete RPMI medium and cultured in 96-well plates at 1 � 106 cells/well. The cells were
stimulated either with the test antigen (10 �g) or with 5 �g of concanavalin A (ConA) as a positive inducer
and cultured at 37°C under a humidified atmosphere of 5% CO2. The culture supernatant was collected after
72 h, aliquoted, and stored at �80°C until use.

Cytokine measurements. The levels of interleukin-4 (IL-4), tumor necrosis factor-� (TNF-�), and
gamma interferon (IFN-�) were measured in the culture supernatant of stimulated splenocytes with BD
OptEIA kits according to the manufacturer’s protocol. The concentrations of the cytokine were calculated
using a linear regression equation obtained from absorbance values of standards provided by the
manufacturer.

In the protective efficacy experiment, the production of IL-2, IFN-�, TNF-�, IL-4, IL-6, IL-10, and IL-17A
cytokines was measured in the culture supernatant using a BD cytometric bead array (CBA) mouse
Th1/Th2/Th17 cytokine kit (BD Biosciences) according to the manufacturer’s instructions. Whenever
necessary, the samples were appropriately diluted before analysis. The data were acquired on a BD LSR
II flow cytometer (Becton Dickinson) at the BD-JH FACS Academy, Jamia Hamdard, India, and analyzed
using FCAP Array software, V3.0 (Becton Dickinson).

Histopathological analysis. Six weeks after the challenge with M. tuberculosis, the mice were
dissected and the right lobe of the lung was excised under aseptic conditions, fixed in 10% (vol/vol)
buffered formalin, embedded in paraffin blocks, and subjected to hematoxylin and eosin (H&E) staining.
Granuloma formation was visualized and graded by a certified pathologist (blinded to the treatment of
the groups) according to the criteria described previously by Kar et al. (63), and a score of 2.5 was
assigned to each granuloma. The total granuloma score was obtained by adding up the marks of all the
granulomas in each section of the lung.

Protective efficacy. From each group, four mice were sacrificed at 3 and 6 weeks postchallenge, and
bacterial loads in the lung and spleen were recorded. Briefly, the lungs and spleen were removed
aseptically, homogenized, serially diluted in sterile PBS, and plated on Middlebrook 7H10 agar plates
containing oleic acid-albumin-dextrose-catalase supplements. The plates were then incubated at 37°C for
3 to 4 weeks and the colony count was enumerated. The protective efficacy was expressed as the inverse
of the bacterial load in the organs of mice compared to that of the control. The results are expressed on
the log10 scale as reduction of bacterial counts in each immunized mouse group.

Data representation and statistical analysis. For data preparation and statistical analysis, Graph-
Pad Prism v6.05 software was used. The results were represented as means � standard errors of means
(SEM) of the data obtained from each immunized mouse group. In the dose optimization studies, for
comparing the antibody titer data obtained from the antigen-alone group with an adjuvanted group,
between two different adjuvanted groups, or between two different doses of the same adjuvanted
group, P values were calculated using unpaired t test. For comparisons between multiple groups,
one-way analysis of variance (ANOVA) followed by Tukey’s multiple-comparison test was used. Log-rank
Mantel-Cox tests were applied to calculate the significance of difference in the survival curve. Statistically
significant differences are marked by asterisks in figures and explained in the figure legends: *, P � 0.05;
**, P � 0.01; ***, P � 0.001; ****, P � 0.0001. The asterisks above the bars represent P values compared
to antigen alone. The brackets at the top of the figure panels extend between test samples compared
for statistical significance.
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